Our objective was to investigate IgG glycosylation and disease activity post partum in the MRL-lpr/lpr mouse. Disease activity was monitored using bimalleolar ankle swelling. Levels of galactose and N-acetylglucosamine (GlcNAc) on IgG isolated from serum were measured using biotinylated lectins. Our results show that disease severity increased post partum. This post-partum flare correlated significantly with an increase in IgG GlcNAc expression. The disease severity increased post partum in the MRL-lpr/lpr mouse model similar to the changes seen in rheumatoid arthritis (RA).
I 1938, Hench reported that in the presence of pregnancy, rheumatoid arthritis (RA) 'finds it difficult to progress, or indeed to do otherwise than to beat a rather precipitous retreat' [1] . This observation has been supported by several studies, showing that in the majority of pregnant patients (73%) symptoms improve. However, 090% of these patients have a post-partum recurrence [2] . Unlike RA, the past literature on systemic lupus erythematosus (SLE) during pregnancy has been rather confusing. This has been due to the lack of agreement regarding disease activity as well as distinguishing between pregnancy complications such as pre-eclampsia and SLE [3] . Definitions of exacerbation and remission have not been clearly stated, and the timing of such events not recorded. However, Cecere and Persillin [4] reviewed the history of pregnancy and the outcome of disease in SLE, and concluded that flare-ups may occur at any time during gestation, but are particularly common post partum. Where there is active disease at conception, exacerbation is more likely during pregnancy in SLE [5] .
The mechanism responsible for the effects in these diseases has not yet been established, although a number of immunological and endocrinological explanations have been submitted. One possibility in RA may be the glycosylation status of immunoglobulin G (IgG). The carbohydrate composition of IgG from RA patients shows a decreased galactose content, when compared with that from normal individuals [6] , with IgG oligosaccharide chains terminating in N-acetylglucosamine (GlcNAc) rather than a galactose/sialic acid residue. In RA, during pregnancy, IgG composition may alter in such a way that it appears 'normal'. It has been demonstrated in both normal women and arthritic patients that galactose levels rise throughout pregnancy and then fall after delivery [7] . The pathogenic relevance of these oligosaccharide changes, although uncertain, is crucial for the formation of self-associated immune complexes [8, 9] .
The MRL-lpr/lpr mouse spontaneously develops a disease syndrome which has been used as a model for RA and SLE, where the pathological changes in the joints include destruction of articular cartilage, proliferation of synovium and pannus formation [10, 11] . During routine breeding of MRL-lpr/lpr mice, we noticed that a significant number developed post-partum erythema and swelling, so have used this model to examine the effect of physiological doses of oestradiol on the post-partum flare-up [12] . In view of our previous finding that glycosylation of IgG from the MRL-lpr/lpr mouse differs from that in normal mice [13] , we have now investigated whether the postpartum increase in disease activity, in these inbred mice, is linked with further changes in serum IgG glycosylation.
METHODS

Animals
MRL-lpr/lpr mice were obtained from a breeding colony maintained in the Department of Oral Biology, University of British Columbia, Vancouver, BC, Canada, originally established from stocks purchased from the Jackson Labs (Bar Harbor, ME, USA). Ten female MRL-lpr/lpr mice were mated and produced litters.
Clinical evaluation
Clinical measurements were made on the following days, −7, 0, 5, 10, 15, 25 and 30, with regard to birth. Bimalleolar ankle width measurements were made using a micrometer. Previously, the intra-examiner reliability of the measurement was established as excellent after ranking measurements with the Kendall coefficient of concordance (t = 0.784, P Q 0.01). The sensitivity was established at 0.1 mm based on the mean of the range of the intra-examiner measurements.
One animal died (symbol +) after day 10 so there were nine ankle measurements at day 30.
IgG glycosylation
Glycosylation analysis was carried out on purified serum IgG using our previously described lectin binding assay [10] , where Ricinus communis agglutinin I (RCA I) and Bandeiraea simplicifolia II (BSII) were used to detect galactose and GlcNAc, respectively. Results are expressed as absorbance units. Each sample was measured in triplicate and mean values plotted. Collection of serial bleeds from pregnant mice was difficult (especially the amount necessary for glycosylation analysis) but, where possible, IgG was purified from serum samples on days −7, 0, 10 and 30. Insufficient serum was obtained to allow glycosylation analyses on a few occasions, but particularly on day 30 (symbol D) where eight out of 10 IgG samples were analysed.
Statistical analysis
A two-tailed paired Student's t-test was used when analysing differences between time points. Spearman's rank correlation was used to determine the association between GlcNAc expression and ankle width.
RESULTS
Clinical evaluation
As an evaluation of swelling, related to arthritis onset, bimalleolar measurements were made of both hindlimbs and calculated as mean ankle width for each animal over time.
Up until day 10, there was very little overall change in the mean ankle width of the group. A total of 8/9 individuals showed a clear post-partum flare between days 10 and 30. This change in mean ankle width between days 10 and 30 was clearly significant F. 2.-Post-partum GlcNAc levels (absorbance units) detected on IgG (using BSII) from female MRL-lpr/lpr mice followed longitudinally with reference to birth (time 0).
(t = − 3.76, P Q 0.003; Fig. 1 ). One individual showed a decrease in ankle width between days 10 and 30.
IgG glycosylation
N-Acetylglucosamine (GlcNAc). In parallel with the post-partum flare, there was a dramatic increase in the mean GlcNAc expression between day 10 and day 30 (t = −2.23, P Q 0.03), where the mean 2 .. at day 30 was 748 2 89 units compared with 482 2 46 units at day 10 ( Fig. 2) . A total of 7/8 individuals showed an increase; one serum sample from day 30 was not available for testing.
In contrast to the change in ankle width between day −7 and day 10, there was a smaller but statistically significant decrease in the mean GlcNAc expression between days −7 and 10 (t = 3.47, P Q 0.004).
Correlation of GlcNAc levels and ankle swelling. There was a significant correlation between GlcNAc expression and ankle swelling on day 30 (r = 0.64, P Q 0.043), as well as a significant positive correlation between the change in GlcNAc expression and the change in mean ankle width between days 10 and 30 (r = 0.71, P Q 0.023).
One animal (symbol D) did not flare at day 30, as measured by a decreased ankle swelling, but glycosylation analysis was not possible due to the collection of insufficient blood. However, the animal which showed a decrease in IgG GlcNAc expression between days 10 and 30 was the same individual which had the smallest increase in ankle width between those days (symbol R).
Galactose. When analysing galactose expression with time, there was little difference between the levels detected at day 30 compared with those detected at day −7 (data not shown).
DISCUSSION
In RA, during gestation, the disease often remits, while delivery is frequently followed by a relapse [14] .
F. 1.-Post-partum mean ankle width (mm) of female MRL-lpr/lpr mice followed longitudinally with reference to birth (time 0). Each animal is shown separately and is identified by an individual symbol. The same symbols are used in Figure 2 for comparison.
Our study has shown that MRL-lpr/lpr mice have increased disease severity (as measured by ankle swelling) following delivery. The post-partum flare in this spontaneous mouse model correlates significantly with an increase in IgG GlcNAc expression. The findings that the absolute values of GlcNAc expression and ankle swelling correlate during the post-partum flare (day 30), together with the correlation of the degree of change of these two parameters (between days 10 and 30), suggest that GlcNAc expression appears to be closely associated with the development of arthritis. It has been postulated that agalactosylated IgG may be responsible for inducing rheumatoid factor production [6] and immune complex formation, and we have shown that there is significantly more GlcNAc expression in complexes from patients with RA compared with complexes from controls [9] . Agalactosyl IgG is strongly associated with pathogenicity in collagen-induced arthritis, the passive transfer of disease being more effective if the transferred IgG is pre-digested with b-galactosidase (to remove terminal galactose), indicating that altered glycosylation of the autoantibody is crucial for it to have a pathological role [15] .
Although we have shown that levels of GlcNAc change with the post-partum flare, the mechanisms for this change remain unknown. Mattsson et al. [16] suggested that post-partum flare-up is due to the surge in prolactin release after delivery. Breastfeeding is associated with a significant increase in the risk of developing RA, where prolactin has been postulated as the pro-inflammatory hormone [17] . In 1982, Berczi and Nagy [18] showed that prolactin is needed for adjuvant arthritis to develop in Fischer rats. Hypophysectomy of female rats reduced the susceptibility to arthritis induced using Freund's complete adjuvant, but treatment with prolactin (without other pituitary hormones) restored the animals' susceptibility to arthritis inducement. Further, bromocriptine, used in the treatment of hyperprolactinaemia, reduces the severity of collagen-induced arthritis when given post partum to DBA/1 mice [19] . Also, MRL-lpr/lpr mice which have their litters removed, and so do not breastfeed, do not produce a post-partum flare (manuscript in preparation). The link between disease severity, levels of IgG GlcNAc and prolactin may stem from the fact that prolactin has a structural analogy with interleukin-6 (IL-6) [20] . It may act in a similar way to IL-6; the latter being found in the sera and synovial fluids of RA patients [21] . IL-6 is known to correlate with autoantibody production [22] , including rheumatoid factor [23] , which may then lead to immune complex formation. Prolactin is a stimulating factor of B cells and induces immunoglobulin production [24] . Therefore, increased prolactin levels after delivery may 'feedback' as a pseudocytokine and cause an exacerbation of the disease, by stimulating B cells to produce IgG with altered glycosylation in a similar manner as IL-6 [25] .
The effects of psychological stress and the onset and course of rheumatic diseases cannot be ruled out. It has been shown that patients' mood changes are associated with increased joint pain [26] and a measure of disease activity (fibromyalgia joint tender points count) correlates with RA patients' reports of daily stress [27] . Worsening of the disease may be related to the 'stress' of raising a litter of growing mice through behaviouralneural-endocrine-immune interactions. It has already been shown that modifications of the autonomic nervous system can lead to increased lymphoproliferation in some lymph nodes and an increase in natural killer cell activity [28] .
It has previously been thought that the expression of galactose and GlcNAc should vary inversely with each other, as the absence of terminal galactose would expose GlcNAc, the next sugar along the oligosaccharide chain. The lack of change we found in this study, in galactose expression, while observing such a dramatic increase in GlcNAc expression is particularly interesting as it lends further weight to the idea that differential glycosylation, at multiple glycosylation sites, must take place for independent changes in the two sugars [13] . Our earlier studies on IgG from patients with Sjo¨gren's syndrome also indicate a similar non-reciprocal pattern of sugar expression [29] .
The lack of apoptosis has been suggested to be the reason behind the continued survival of autoantibodyproducing lymphocytes [30] . In particular, the CD23 low population of B cells, which normally show high levels of apoptosis, remain prominent in the lpr mice. It is tantalizing to think that this set of B cells may be responsible for both the production of autoantibodies and immunoglobulins with altered glycosylation.
We now need to know (a) whether there are two processes contributing to worsening of the disease (an increase in the level of GlcNAc on IgG together with an increased level of prolactin) or (b) whether the level of prolactin causes a change in GlcNAc levels which enhances the arthritis process.
